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(57) ABSTRACT

A mercury emissions monitor includes a mercury sensor
tape configured to be fed in a reel-to-reel manner between
first and second tape reels, wherein the mercury sensor tape
includes a thin metallic film configured to form an amalgam
with detected mercury. A mercury collection unit 1s config-
ured to receive 1nto a chamber a sample of a gas containing
mercury, wherein the mercury collection unit 1s further
configured to permit passage of portions of the mercury
sensor tape through the chamber containing the gas sample
so that the amalgam 1s formed with the thin metallic film. A
mercury analysis unit includes a total retlection x-ray fluo-
rescence (““IXRF”) system configured to perform a TXRF
analysis of the amalgam, wherein the mercury analysis unit
1s configured to permit passage of the mercury sensor tape
within a proximity of an XRF detector of the TXRF system.
The mercury collection unit and the mercury analysis unit
are positioned between the first and second tape reels so that
the mercury sensor tape can move 1n a confinuous manner
from the first tape reel through the chamber of the mercury
collection unit, then within suflicient proximity to the XRF
detector, to be then taken up onto the second tape reel.
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MONITOR FOR MEASURING MERCURY
EMISSIONS

This patent application claims priority to U.S. provisional
patent application Ser. No. 62/200,448, which i1s hereby
incorporated by reference herein.

GOVERNMENT LICENSE RIGHTS

This mvention was made with U.S. government support
under Grant No. DE-SC0009651 awarded by the U.S.
Department of Energy. The U.S. government may have
certain rights 1n this invention.

TECHNICAL FIELD

The present invention relates in general to monitoring of
mercury emissions, and in particular, to the monitoring of
mercury emissions utilizing x-ray fluorescence technology.

BACKGROUND INFORMATION

The health hazards of mercury are well known, and
mercury emissions from coal-fired electricity generating
units (“EGUs”) are the biggest polluters of mercury in air.
This prompted the U.S. Environmental Protection Agency
(“EPA”) to strengthen the mercury emissions regulations
from EGUs 1n the U.S. under the Mercury and Air Toxic
Standards (“MATS”) published 1n the Federal Register in
December 2011. This rule requires existing and new coal-
fired power plants to meet stringent mercury reduction
levels. Specifically, the rule applies to new and existing
EGUSs that burn coal or o1l for generating greater than 25
megawatts of electricity for sale and distribution through the
national electric grid to the public. These new standards
limit mercury emissions to the order of tenths to ten-
thousandths of a pound/gigawatt-hour (Ib/GWh) of gross
clectrical output depending upon the coal type, whether the
plant 1s existing or new, and the power plant technology.
Thus, robust, novel sensor technologies are needed that can
accurately, precisely, and continuously monitor and measure
mercury emissions levels to determine compliance with
these standards and monitoring requirements for coal-fired

EGUS.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an energy dispersive x-ray fluorescence
(“ED-XRFE”) system,

FIG. 2 1illustrates a schematic of a total reflection x-ray
fluorescence (““I'’XRF”) system configured in accordance
with embodiments of the present invention.

FIG. 3 1llustrates a system for monitoring mercury emis-
sions configured 1n accordance with embodiments of the
present invention.

FIG. 4 schematically illustrates a mercury emissions
monitoring system configured in accordance with embodi-
ments of the present invention.

FIG. 5 illustrates an exposure chamber of a mercury
emissions monitoring system configured in accordance with
the embodiments of the present invention.

FIG. 6 schematically illustrates a mercury emissions
monitoring system configured in accordance with embodi-
ments of the present invention.

FI1G. 7 illustrates a cut-away view of a mercury emissions
monitoring system configured in accordance with embodi-
ments of the present invention.
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FIG. 8 illustrates a block diagram of a mercury emissions
monitoring system configured in accordance with embodi-

ments of the present mvention.
FIG. 9 illustrates an exposure chamber configured in
accordance with embodiments of the present invention.
FIG. 10 illustrates a mercury analysis umt configured 1n
accordance with embodiments of the present invention.
FIG. 11 illustrates an alternative embodiment of the
present invention.

DETAILED DESCRIPTION

Embodiments of the present invention provide a mercury
emissions monitoring system (“EMS”) that may be utilized
within coal-fired EGUs, coal-fired boilers, the o1l and gas
industry, steel scrap processing facilities, gold production,
waste incineration, and any other application in which levels
of mercury need to be momtored (1.e., detected, measured,
and/or analyzed). Embodiments of the present invention
provide a novel mercury continuous emissions monitor
(“CEM”) that has advantages over prior art technologies.

Embodiments of the present invention use an advanced
x-ray technique (utilizing x-ray fluorescence (“XREF”)) to
measure the mercury after 1t has been collected. The mer-
cury 1s collected 1n an amalgam, and the primary x-ray beam
irradiates the amalgam sample. An amalgam 1s an alloy of
mercury with another metal. Almost all metals can form
amalgams with mercury, the notable exceptions being iron,
platinum, tungsten, and tantalum.

Since the primary x-ray beam of embodiments of the
present invention has a much higher energy than the cold
vapor atomic fluorescence (“CVAF”) technologies, it can
penetrate more easily through matter, meaning that 1t has the
ability to pass through materials with little to no interference
that would normally be caused 1n the CVAF technologies.
Such higher x-ray beam energies also mean that embodi-
ments of the present mmvention are able to handle a much
more complex and dirty sample than the CVAF technolo-
gies, thus requiring less gas conditioning.

The mercury EMS configured 1n accordance with certain
embodiments disclosed herein may utilize a mercury sensor
of a thin film of metal (e.g., approximately 10 pug/cm? or
less) coated onto a substrate for collecting mercury from a
monitored gas. The thin film metal coating 1s able to collect
mercury through the previously described process of amal-
gamation. The amalgamation process 1s sensitive enough to
capture ambient air levels of mercury 1n addition to higher
levels of mercury as found in emissions from coal-fired
EGUs. The metals used for the thin film coating may be
silver and/or palladium, but can be any choice of metals,
such as alkali metals, alkaline earth metals, transition met-
als, post-transition metals, lanthanides, actinides, and/or
clements that could be considered to be metals. The thin film
metal coating (e.g., 1-10 nm thick) may be deposited in the
form of nanoparticles or nanodots using any well-known
technique, such as disclosed 1n U.S. published patent appli-
cation no. 2010/0050868, which 1s hereby incorporated by
reference herein.

A thin film plastic may be chosen as the substrate for the
thin film metal deposition. For example, a polyimide (e.g.,
Kapton) film may be used to deposit the metal on. However,
any thin material can be used, such as a plastic, metal,
non-metal, and/or a composite. The thinness of the substrate
allows the primary beam to pass through the mercury sensor.
As the primary x-ray beam passes through the sensor, the
fluorescence generation 1s optimized for detection, and the
x-ray beam that would normally cause background counts,




US 11,262,320 B2

3

does not cause background counts. An eflect of the thinness
of the mercury sensor 1s to increase the signal-to-back-
ground ratio of elemental detection by lowering the limit of
detection.

The mercury sensor utilized within embodiments of the
present disclosure may include a substrate of polyimide tape
coated with a thin film metal to collect mercury. In an
exemplary embodiment of the present invention, the poly-
imide tape may be 1 mm or less, 25 microns or less, or even
7.5 microns or less in thickness. Polyimide may be chosen
as a substrate for two reasons. First, the polyimide structure
contains chains of mitrogen and hydrogen. These elements
are not detectable by XRF under ambient conditions, and
therefore produce no peaks on the XRF spectrum. The
physical process that accounts for their lack of detection 1s
their low Z number. Second, polyimide 1s a high temperature
material able to withstand temperatures up to 750° F.,
making 1t a suitable substrate to withstand the elevated
temperatures of tlue gas.

XRF technology 1s both a quanftitative and qualitative
measurement. Quantitative measurements are convention-
ally measured with internal standards. For example, in the
TXRF mode of operation, an internal standard i1s a known
clement at a specified concentration that 1s added to the
sample region. When the internal standard 1s added to the
sample region, the instrument can be used for real-time
calibration in order to ensure accurate results of the
unknown materials that are in the sample to be analyzed. In
embodiments of the present invention, the metal thin film
may function as both the collection material and the internal
standard for calibration.

The strength of a mercury monitor can be measured with
a value called the lower limit of detection (“LLD”). In
analytical chemistry, the detection limit, lower limit of
detection, or LOD (limit of detection), 1s the lowest quantity
ol a substance that can be distinguished from the absence of
that substance La blank value) within a stated confidence
limit (generally 1%). This value 1s important because a
real-time analysis of mercury vapor for coal-fired EGUs
necessitates the measurements of very small amounts of
mercury per cubic meter of emission. The lower the limit of
detection for mercury, the more powerful the technology 1s
when compared to other mercury monitor technologies. A
Thermo Scientific Mercury Freedom System manufactured
by Thermo Fisher Scientific Inc. has a LLD 1n the field of
100 nanograms per cubic meter (100 ng/m’). Embodiments
of the present mvention meet or exceed the LLD of the
Thermo Scientific Mercury Freedom System. Furthermore,
embodiments of the present ivention provide a mercury
EMS that meets or exceeds performance specifications out-
lined 1n U.S. EPA PS-12A and/or Part 75 provisions for
mercury monitor systems 1n addition to the latest MATS and
MACT rules.

As will be further disclosed herein, certain embodiments
of the present invention utilize a continuously spooled tape
(e.g., polymide) on which a thin metallic film has been
deposited. This metal-coated tape 1s then utilized to monitor
mercury emissions through the process of amalgamation of
the detected mercury with the thin metallic film. Within
embodiments of the present invention, the thin film of metal
may have a thickness within the nanometer dimensions
producing a mercury nano-sensor tape for collecting vapor
phase mercury, such as from the flue stacks 1n a coal-fired
plant (e.g., see FIG. 3). As previously noted, many metals
can form amalgams with mercury, and therefore could be
utilized for the thin metallic film within embodiments of the
present invention. For the purposes of describing embodi-
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ments of the present invention heremnatfter, examples will be
presented 1n which a thin film of silver (Ag) has been applied

to a continuous tape, acting as the substrate for the thin
metallic film. Within embodiments of the present invention,
such a continuous tape may be a polyimide (e.g., Kapton)
film or tape.

FIGS. 3, 4, and 6, discussed hereinaiter, depict such a
continuous mercury sensor tape, which spools from one tape
reel to another 1n a reel-to-reel manner. Deposition of the
metallic thin film onto a polyimide tape may be performed
using any well-known deposition process, such as a vacuum
deposition process whereby a reel-to-reel tape drive can be
configured to fit inside such a vacuum deposition chamber.
A spool of polyimide tape 1s then unrolled by the tape drive
within the vacuum chamber where 1t 1s exposed to the source
of the metal to be deposited onto the polyimide tape. After
deposition, the tape then continues where 1t 1s rolled up onto
a new spool reel within the vacuum chamber. The final
product 1s a spooled polyimide tape coated with a thin film
of metal. Within embodiments of the present invention, such
a vacuum deposition process can be configured to deposit a
thin film of silver of a density of 10 pg/cm” onto a spooled
polyimide tape.

The previously noted mercury measurement of 100 ng/m*
1s mass per volume, but embodiments of the present inven-
tion utilize a tape-based collection technique that measures
collected mercury by mass per surface area. A principle
behind the tape-based techmique is that the mercury col-
lected from a volume of gas i1s concentrated onto the surface
area of the tape. In this fashion, the measurement of mass per
volume can be converted into mass per surface area.

The calculation 1s as follows: greater than 90% of the
mercury 1s collected by the sensor. Ten minutes of collection
time will concentrate ten liters of gas 1nto one square
centimeter.

(assumed limit of detection)

(concentration of gas on thin film)

(Lower Limit of Detection)

If the tape-based techmque produces a limit of detection
of 1 ng/cm”, then it will be able to detect 100 ng/m’.
Therefore, the tape-based technique of embodiments of the
present invention can outperform Thermo Scientific Mer-
cury Freedom System i1 1t can achieve a LLD of less than or
equal to 1 ng/cm?.

A controlled experiment was performed by the imnventors
to validate the performance of mercury sensors configured
according to embodiments of the present invention. In these
experiments, a one millimeter thick Kapton film was coated
with a thin film of silver. Four samples were created for the
analysis. Sample 1, the control, was a Kapton film with no
coating of silver. Sample 2 was a Kapton film coated with a
10 pg/cm” film of silver. Sample 3 was a Kapton film coated
with a 10 png/cm? film of silver and exposed to vapor phase
mercury to collect 1 ng/cm® of mercury. Sample 4 was a
Kapton film coated with a 10 pg/cm® film of silver and
exposed to vapor phase mercury to collect 5 pg/cm” of
mercury. The four samples were then analyzed with x-ray
fluorescence to validate the performance of the mercury
sensor’s ability to collect vapor phase mercury. The XRF
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analysis validated the successful deposition of the 10 pg/cm”
film of silver on the Kapton films as well as the collection
of the 1 pg/cm” and 5 pg/cm” of mercury.

Follow on experiments were performed in which a 7.5
micron thick Kapton film was coated with various thick-
nesses ol a thin film of silver, which were then exposed to
vapor phase mercury. Various LLD values were produced
including an LLD value of 0.270 ng/cm” collected by a
coating of 1 pug/cm? of silver. Such a thin film coating of 1
ug/cm” of Ag produced a LLD value of 0.270 ng/cm?, which
translates to 27 ng/m>. This LLD value of 27 ng/m" is less
than the foregoing 100 ng/m"°.

Referring to FIGS. 1 and 2, a difference between a TXRF
system and an ED-XRF system 1s the applied geometry and
angle of 1incidence of the mncoming primary x-ray beam used
for fluorescence of the sample. Referring to FIG. 1, an
exemplary ED-XRF system has approximately a 45 degree
angle of incidence of the primary x-ray beam from the x-ray
tube 1 with respect to the sample 3. The x-ray detector 2 1s
then placed at a 45 degree angle with respect to the sample
3, and the full range of x-ray fluorescent (“XRF”) energies
are measured from the sample 3, as well as those XRF
energies emitted by the device holder, and even a small
contribution from the x-ray tube 1.

Referring to FIG. 2, a TXRF system configured 1n accor-
dance with embodiments of the present invention has
approximately less than a one degree angle of incidence of
the primary x-ray beam 2 from the x-ray tube 10 with respect
to the sample 40, and the x-ray detector 20 1s placed
substantially parallel to the sample. This low angle of
incidence allows the detector to be placed very close to the
sample. For example, the advanced XRF technology dis-
closed herein can place the detector 3 mm or less from the
sample. Conversely, conventional ED-XRF technology (see
FIG. 1) places the detector 2 half an inch to one inch away
from the sample 3. Placing the detector 20 closer to the
sample 40 increases the solid angle from the sample 40 and
also increases the fluorescent yield for the resultant mea-
surement.

The different angles of incidence between the ED-XRF
and TXRF systems have a substantial impact on the mag-
nitude of the x-ray fluorescent signal detected. In a TXRF
system, the sample holder that the sample 40 1s placed on
may have a very high degree of x-ray reflectivity, such as
silicon or quartz. When the primary x-ray beam 1rradiates
the sample holder, a combination of interference in addition
to standing waves with the primary x-ray beam produces
highly localized and elevated degrees of x-rays that are
delivered to the sample. Primary x-rays that are retflected
from the sample holder that do not interact with the sample
40 are passed along their retlected path and are guided away
from the detector 20. The reflected x-rays that do interact
with the sample 40 will cause the sample 40 to undergo
x-ray fluorescence. The newly generated fluorescent x-rays
will propagate to fill a volume that matches the angular
distribution from a point source that 1s very closely approxi-
mated to an intermediate between a lambertian distribution
and an 1sotropic distribution. The fluorescent x-ray angular
distribution will have a peak intensity directly above the
sample 40 where the detector 20 1s located. The separation
of the reflected primary x-ray beam from the fluorescent
X-rays cause a dramatic increase in the signal-to-noise ratio.

Current XRF air monitoring technology operates with
ED-XRF modes and geometrical arrangements of hardware
as seen 1n FIG. 1. This ED-XRF technology typically has a
lower limit of detection (“LLD”) 1n single digit parts per
million (“ppm™) with an analysis time of 30 minutes or

10

15

20

25

30

35

40

45

50

55

60

65

6

greater. The mercury EMS disclosed herein utilizes a novel
geometrical arrangement of XRF hardware that allows the
same measurement to be taken in less time (e.g., from
minutes to as few as seconds). The new geometrical arrange-
ment also reduces the limit of detection from ppm to parts
per billion (“ppb™), and as low as parts per trillion (“ppt™).

Additionally, the XRF technology of the mercury EMS
disclosed hereimn can measure the sample in real time.
Utilizing a continuous polyimide tape, the sample 1s col-
lected and analyzed in a continuous fashion as opposed to
conventional systems where the sample 1s stationary and not
moving. The XRF detector 1s than able to measure the
concentration of the sample in real time and not in a
discontinuous fashion.

Referring to FIG. 3, coal-fired EGUs 300 combust coal to
generate heat, which 1s used to convert water into steam. The
stcam 1s used to spin a turbine and generate electricity,
which can be supplied to the national electricity grid. The
combustion occurs at high temperature, and gaseous mol-
ecules are released into the emissions stack 302. All types of
coal contain minute amounts of mercury (typically, on the
order of 0.5 ppm), which 1s released into the stack 302 as a
byproduct from the combustion of the coal. Embodiments of
the present mvention collect the mercury vapor from the
source through a sample line 420, and the gas 1s transported
into an exposure chamber (see FIG. 5) inside a mercury
CEM 400 (see FIG. 4).

The mercury CEM 400 may be self-contained and can be
operated independently of a mercury generator or additional
instrumentation. For example, 1t may be placed 1n a control
room next to an emissions stack 302 where a sample line 420
can be drawn down to the mercury CEM 400 where the
samples can be analyzed for mercury concentrations.

Referring to FIG. 4, there 1s illustrated a schematic
diagram of the mercury CEM 400 configured 1n accordance
with embodiments of the present invention. As previously
noted, a sample of a gaseous emission containing mercury
may be provided by the sample line 420 into a mercury (Hg)
collection unit 401. A continuous mercury sensor tape 403 1s
spooled from the tape reel 410 to pass through an exposure
chamber of the mercury collection unit 401, an example of
which 1s further described with respect to FIG. 5. After a
portion of the tape 403 has collected a sample of mercury,
it 1s then fed through the mercury analysis unit 402, which
will include a TXRF system that includes an x-ray tube 404
and detector 405. The mercury collected on the tape 403 1s
then analyzed with the detector 405 after being 1rradiated by
the x-ray tube 404 under a TXRF configuration. The mer-
cury sensor tape 403 1s then collected onto the tape reel 411.
Thus, as can be readily seen, the reel-to-reel movement of
the mercury sensor tape 403 through the mercury collection
unit 401 and the mercury analysis unit 402 allows embodi-
ments of the present invention to function in a continuous
mode for mercury measurements.

In alternative embodiments of the present invention, only
the mercury collection unit 401 and the continuous tape 403
spooled between the tape reels 410, 411 may be co-located
onsite where the gaseous sample 1s taken. After the entire
roll of tape has been run through the mercury collection unit
401, it then can be ¢jected from the tape drive and delivered
to another location for analysis by a TXRF mercury analysis
unit 402.

Referring to FIG. 5, there is 1llustrated an example of a
mercury collection unit 401, which may be utilized within
the mercury CEM 400. A sample of a gas which contains
mercury vapor 1s collected from a source (see FIG. 3) and
ted 1nto the sample line 420 where the gas 1s transported into
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the exposure chamber 501 through which the mercury
sensor tape 403 passes. The exposure chamber 501 forms a
sealed environment to which the gas can enter and be
collected onto the tape as an amalgam for further analysis by
the mercury analysis unit 402. The exposure chamber 501 1s
sulliciently sealed (e.g., leak tight) to prevent the gas from
contaminating the rest of the system 400, while still allowing
a continuous operation of the sample collection by the
passing of the mercury sensor tape 403 through the chamber
501. The chamber 501 may be configured to be leak-tight by
the utilization of double rollers (not shown) at the entrance
and exit of the chamber 501 where the mercury sensor tape
403 passes. The configuration of such a leak-tight exposure
chamber 1s well within the capabilities of one of ordinary
skill 1n the art.

Referring next to FIG. 6, there 1s 1llustrated a schematic
diagram depicting how a TXRF system 1s utilized within the
mercury analysis unit 402. The tape reel 410 containing the
mercury sensor tape 403 feeds the mercury sensor tape 403
past the TXRF system. For example, a stepper drive motor
(not shown) may be utilized to turn the tape reel 411 to draw
the tape 403 from the tape reel 410 so that 1s passes by the
detector 405. As can be seen 1 FIG. 6, the x-ray tube 404
and detector 405 are configured as a TXRF system whereby
the primary x-ray beam from the x-ray tube 404 irradiates
the mercury amalgam on the tape 403 as 1t passes by so that
XRF 1s detected by the detector 405. X-ray optics 601 may
be utilized to assist 1n directing the primary x-ray beam from
the x-ray tube 404 for incident 1rradiation of the samples on
the tape 403 1n a configuration so that the detector 405 1s
positioned very close (e.g., about 3 mm) to the tape 403.

Referring next to FIG. 7, there 1s 1llustrated a cut-away
view of embodiments of the present invention configured for
performing an XRF analysis of mercury samples collected
on a continuous running tape (e.g., the mercury sensor tape
403). The apparatus 700 illustrated 1n FIG. 7 may be utilized
within the mercury CEM 400. This cut away view strips
away the cover of the x-ray tube container or case so that the
x-ray tube 704 1s revealed. The x-rays are generated 1n a very
small beam that exits from an aperture (not shown) on the
x-ray tube 704, where the x-ray beam 1s then allowed to
enter the x-ray optics chamber 701.

The internal configuration of the x-ray optics chamber
701 1s not shown, since such x-ray optics are well within the
capabilities of a person of ordinary skill 1in the art. Never-
theless, note that the natural x-ray beam from the x-ray tube
704 enters 1nto the optics chamber 701 1n 1ts natural 1sotropic
polychromatic state, where 1t then interacts with the x-ray
optics and exits as a monochromatic beam. The x-ray optics
chamber 701 performs beam conditioning which may
include filters, mirrors, multi-layer mirrors, collimators,
monochromators, polycapillary optics, diflractive optics,
refractive optics, Fresnel zone plates, kumakhov lenses,
secondary targets, scatterers, and/or polarizers. In embodi-
ments of the present invention, such beam conditioning
generates a square shaped x-ray beam. This beam shape may
be desirable because 1t spreads out to form a large spot size
when 1t strikes the sample at the low angle of incidence.
Such a large spot size can facilitate the ease of measurement
and generation of fluorescence.

Such a monochromatic beam may have a dimension of
100 microns 1n height by 7 mm wide. This monochromatic
x-ray beam exits the x-ray optics chamber 701 and enters
into the exposure chamber 730 through which the mercury
sensor tape (not shown) enters into the slot 732 of the
exposure chamber 730, through the center of the chamber
730, to then exit at the bottom through a similar slot (not
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shown). The x-ray beam enters the exposure chamber 730 to
interact with the mercury sensor tape passing through the
chamber 730. This interaction produces tluorescent photons,
which are measured by the detector (e.g., the detector 405),
which 1s iserted into the orifice 740 of the chamber 730.
Within embodiments of the present invention, the detector
window may be placed less than 3 mm away from the tape
as 1t passes by. The tape reels 410, 411 for the tape may be
inserted onto the shafts 710, 711. One of ordinary skill 1n the
art can readily appreciate that a tape drive motor may be
coupled to one or both of these shafts 710, 711 1n order to
teed the mercury sensor tape from one of the tape reels to the
other while passing through the exposure chamber 730.

Thus, 1t can be readily seen from the configuration 700
how the exposure chamber 730, the x-ray optics chamber
701, and the x-ray tube 704 can be configured 1n a TXRF
configuration, such as previously described with respect to
FIGS. 2 and 6.

Referring next to FIG. 8, there 1s illustrated a mercury
CEM system 800 configured in accordance with embodi-
ments of the present invention. The system 800 may be
utilized as a TXRF CEM for detecting, measuring, and/or
analyzing mercury emissions as has been described herein.
The mercury CEM system 800 may include several subsys-
tems such as an x-ray tube 804, energy analyzing detector
805, x-ray optics, an optional flue gas treatment, software,
hardware-electronics, data collection, power supply and
distribution, enclosures, and safety features, not all of which
are described for the sake of simplicity. FIG. 8 provides a
configuration for how a mercury CEM system 800 config-
ured 1n accordance with embodiments of the present inven-
tion can be implemented within a single integrated system
under the control of computer hardware/software.

The x-ray tube 804 and x-ray detector 805 may be
implemented within a TXRF system as previously described
herein with respect to FIGS. 2, 4, 6, and 7. Within embodi-
ments of the present invention, the x-ray tube 804 may be a
commercially available rtw MCB 50-0.7 x-ray tube. The
detector may be a commercially available SiIPN or SDD
detector. The detector 805 may include one or more XPIN-
X'T detectors, commercially available from Moxtek. The
signal processing module 832 may be an MXDPP-50 digital
pulse processor, amplifier, power supply, and communica-
tion port for the detector, which 1s commercially available
from Moxtek.

The x-ray power supply 821 may be a commercially
available Spellman high voltage generator and power sup-
ply, which may be configured to produce x-rays with an
energy level of 30 keV.

In order to pass the mercury sensor tape from one tape reel
to another past the mercury collection unit 401 and the
mercury analysis unit 402, stepper motors may be utilized
for the tape drive 810, wherein the stepper motors are
controlled by motor electronics 862. A 24 volt DC power
supply may be used 1n the motor electronics 862 to drive the
stepper motors used for the tape reels. The motor electronics
862 may be configured with a stepper motor driver board
used to generate a modulated pulse width for microstepping
and control of the rotation of the motor shafts (e.g., shafts
710, 711). The stepper motor driver boards may use a
separate S volt opto-electric coupler to ensure signal fidelity
of the stepping motion. The stepper motor driver boards may
be controlled from step and direction pins from the parallel
port of the computer system 880. The tape reels 410, 411
may be made from acrylic discs and an acrylic tube that are
glued together, and may feature a key used to lock and track
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the movement of the mercury sensor tape during operation
through the use of the stepper motor.

Labview, commercially available from National Instru-
ments, may be loaded onto the computer system 880 to
control the mercury CEM 800. With the Labview software,
a user interface 890 can be designed to control all aspects of
the system 800, including power control, spooling, and
spectrum measurement from the MXDPP-50. Furthermore,
a National Instruments (“NI”") 6008 USB driver boards may
be used to control both digital and analog imputs and outputs.
Labview includes pre-written sets of instructions known as
virtual mstruments (“v1”), which are supplied with the
software. Use of vi’s for each subsystem disclosed 1n FIG.
8 can mimmize the software coding time by having preset
commands pre-written 1n the communication protocols.
Thus, each of the subsystems used in the system 800 can
have a vi1 associated with 1t. For example, the detector 805
can have a vi to download and display the spectrum infor-
mation from the signal processing electronics 832. The NI
USB 6008s can have vi’s for reading analog voltages from
the control 823 used 1n this application to measure the status
of the x-ray tube 1n real time. Labview can be configured to
have a vi1 for controlling the stepper motors 862. The vi
controls the number of steps and direction that gets sent
through the parallel cable to the stepper motor driver boards
862. All of these vi’s can be used in an object-oriented
coding space to write the software to control the system 800.
A user mterface 890 can be generated based on the code,
which 1s able to run processes 1n order to control the x-ray
tube, move the tape, and then gather the XRF spectrum.

Referring to FIGS. 9-10, alternatively, a substrate such as
a disc could also be used for remote collection of mercury.
In this fashion, mercury collection could occur at a site of
interest and the mercury could be measured 1n an instrument
that can measure the mercury captured. For example, a
polyimide disc with a thin film of metal deposited thereon
could be utilized as the mercury sensor 1n a similar manner
as previously described with respect to the mercury sensor
tape 403.

Referring to FIG. 9, some sort of exposure chamber 900
could be utilized whereby one or more such discs 905-907
are positioned within the chamber 900 which has a passage-
way 902 for passage of a gas containing mercury. For
example, a sample of a gaseous emission may be supplied
into the inlet 901 to thereby be allowed to travel 1n the
passageway 902 and exit from the outlet 903. While the gas
1s 1n the passageway 902, mercury 1s collected on the one or
more discs 905-907.

The chamber 900 may include three layers of plastic
clamped by two pieces of aluminum. It may be configured
to stand upright on four legs and have two compression
fittings: one for the inlet 901 and one for the outlet 903.
There may be an O-ring that sits in the middle layer of the
plastic chamber, and the two aluminum pieces give the
strength needed to seal the O-ring to create the sealed
passageway 902 for the gas to flow through. The chamber
900 can be opened to thereby mount the mercury sensor
disks 905-907.

The coated sides of the disc(s) face downwards 1n the
passageway 902, so that they can be exposed to the flow of
gas. Alter exposure, the discs 905-907 are removed in the
same fashion.

Referring to FIG. 10, a mercury sensor disc can then be
transported to a mercury analysis unit such as the one
illustrated in FIG. 10 whereby a TXRF system that includes
an x-ray tube 1104, a monochromator 1120, and a detector
1105 are positioned 1n such a TXRF configuration (such as
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previously described with respect to FIG. 2) i order to
irradiate the mercury samples collected on the disc 1103 for
analysis.

Referring to FIG. 11, 1n accordance with certain embodi-
ments, an unmanned aerial vehicle (“UAV”) 1200 may be
configured to hold either a mercury sensor disc 905 or tape
drive 1n order to collect mercury samples as the UAV flew
within the vicinity where mercury vapor 1s suspected (e.g.,
a flue stack 302). The sensor disc or sensor tape could then
be removed from the UAV 1200 and placed into an XRF
mstrument (e.g., see FIG. 10) to measure the mercury that

was collected during the flight of the UAV 1200. For the tape
sensor, the position of the UAV 1200 can be correlated to the
section of tape, and 1n this fashion, mercury concentrations
can be collected for volumetric regions of atmosphere. A
tape drive or simple filter could also be used on a UAV 1200
to collect elements other than mercury, which can then be
used to measure atmospheric elemental concentrations.

Though a typical flue stack (e.g., see FIG. 3) contains
several gasses such as SO,, NO, CO,, O,, and N,, 1n
addition to the mercury vapor, embodiments of the present
invention were able to detect and measure the mercury 1n
such emission gasses, without the presence of these gasses
aflecting the collection etliciency of the sensor.

As opposed to coal-fired EUG testing or atmospheric
testing, the mercury sensors are sensitive enough to detect
levels of mercury under ambient air conditions. Therefore,
these single sensors or the tape sensor may be placed in the
environment in order to measure the amount of mercury 1n
ambient air. The sensors may then be placed into an XRF
instrument to measure the amount of mercury that was
present in the ambient air at that location. Also, these sensors
can be used not only by XRF strumentation, but also,
CVAF, CVAA, and ICPMS.

Though exemplary embodiments of the present invention
were described with respect to utilization in a coal-fired
EGU, embodiments of the present invention are not limited
to such an application, but instead may be utilized 1n any
application where measurements of mercury (or any other
clement or compound) are desired, such as the oil and gas
industry, steel scrap processing facilities, gold production,
and waste 1ncineration.

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood to one of ordinary skill in the art to which the
presently disclosed subject matter belongs. Although any
methods, devices, and materials similar or equivalent to
those described herein can be used in the practice or testing
of the presently disclosed subject matter, representative
methods, devices, and materials are now described.

Following long-standing patent law convention, the terms
“a” mean “‘one or more” when used in this

a”’ and “an”
application, including the claims.

Unless otherwise indicated, all numbers expressing quan-
tities of ingredients, reaction conditions, and so forth used in
the specification and claims are to be understood as being
modified 1n all instances by the term “about.” Accordingly,
unless idicated to the contrary, the numerical parameters set
forth 1n this specification and attached claims are approxi-
mations that can vary depending upon the desired properties
sought to be obtaimned by the presently disclosed subject
matter.

As used herein, the term “about” 1s used to provide
flexibility to a numerical range endpoint by providing that a
given value may be “a little above™ or “a little below™ the
endpoint.
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As used herein, the term “substantially” refers to the
complete or nearly complete extent or degree of an action,
characteristic, property, state, structure, 1tem, or result. For
example, an object that 1s “substantially” enclosed would
mean that the object 1s etther completely enclosed or nearly
completely enclosed. The exact allowable degree of devia-
tion from absolute completeness may 1n some cases depend
on the specific context. However, generally speaking, the
nearness of completion will be so as to have the same overall
result as 1f absolute and total completion were obtained. The
use of “substantially” 1s equally applicable when used 1n a
negative connotation to refer to the complete or near com-
plete lack of an action, characteristic, property, state, struc-
ture, 1item, or result.

As used herein, “significance” or “significant” relates to a
statistical analysis of the probability that there 1s a non-
random association between two or more entities. To deter-
mine whether or not a relationship 1s “significant” or has
“significance,” statistical manipulations of the data can be
performed to calculate a probability, expressed as a “p
value.” Those p values that fall below a user-defined cutoil
point are regarded as significant. In some embodiments, a p
value less than or equal to 0.05, 1n some embodiments less
than 0.01, 1n some embodiments less than 0.005, and in
some embodiments less than 0.001, are regarded as signifi-
cant. Accordingly, a p value greater than or equal to 0.05 1s
considered not significant.

As used herein, the term “and/or” when used in the
context of a listing of entities, refers to the entities being
present singly or in combination. Thus, for example, the
phrase “A, B, C, and/or D” includes A, B, C, and D
individually, but also includes any and all combinations and
subcombinations of A, B, C, and D.

Concentrations, amounts, and other numerical data may
be presented herein in a range format. It 1s to be understood
that such range format i1s used merely for convenience and
brevity and should be interpreted tlexibly to include not only
the numerical values explicitly recited as the limits of the
range, but also to include all the individual numerical values
or sub-ranges encompassed within that range as 1f each
numerical value and sub-range 1s explicitly recited. For
example, a numerical range of approximately 1 to approxi-
mately 4.5 should be interpreted to include not only the
explicitly recited limits of 1 to approximately 4.5, but also
to 1include individual numerals such as 2, 3, 4, and sub-
ranges such as 1 to 3, 2 to 4, etc. The same principle applies
to ranges reciting only one numerical value, such as “less
than approximately 4.5,” which should be interpreted to
include all of the above-recited values and ranges. Further,
such an interpretation should apply regardless of the breadth
of the range or the characteristic being described.

Any steps recited 1n any method or process claims may be
executed 1n any order and are not limited to the order
presented 1n the claims. Means-plus-function or step-plus
function limitations will only be employed where for a
specific claim limitation all of the following conditions are
present 1n that limitation: a) “means for” or “step for” i1s
expressly recited; and b) a corresponding function 1is
expressly recited. The structure, material, or acts that sup-
port the means-plus function are expressly recited i the

description herein. Accordingly, the scope of the mvention
should be determined solely by the appended claims and
their legal equivalents, rather than by the descriptions and
examples given herein.
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What 1s claimed 1s:

1. A mercury emissions monitor comprising:

a mercury sensor tape configured to be fed 1n a reel-to-reel
manner between first and second tape reels, wherein the
mercury sensor tape comprises a metallic film config-
ured to form an amalgam with detected mercury;

a mercury collection unit configured to receive into a
chamber a sample of a gas containing mercury, wherein
the mercury collection unit 1s further configured to
permit passage of portions of the mercury sensor tape
through the chamber containing the gas sample so that
the amalgam 1s formed with the metallic film; and

a mercury analysis unit comprising a total reflection x-ray
fluorescence (“TXRE") system configured to perform
an X-ray fluorescence (“XREF”’) analysis of the amal-
gam, wherein the mercury analysis unit 1s configured to
permit passage of the mercury sensor tape within a
proximity of an XRF detector of the TXRF system.

2. The system as recited 1n claim 1, wherein the mercury

collection unit and the mercury analysis unit are positioned
between the first and second tape reels so that the mercury
sensor tape can move 1n a continuous manner from the first
tape reel through the chamber of the mercury collection unit,
then within sutlicient proximity to the XRF detector, to be

then spooled onto the second tape reel.
3. The system as recited 1n claim 1, wherein the mercury

sensor tape comprises a polyimide substrate having a thick-
ness of 7.5 microns or less.

4. The system as recited 1n claim 1, wherein the mercury
sensor tape 1s configured so that the TXRF system can detect
mercury in the amalgam with a lower limit of detection of
about 27 ng/m° or less.

5. The system as recited in claim 1, further comprising a
sample line connected to the chamber, wherein the sample
line 1s configured to recerve the gas sample from a source
that produced the gas sample with the mercury contained
therein, wherein the source 1s a flue stack of a coal-fired
clectricity generating unait.

6. The system as recited 1n claim 1, wherein the metallic
film has a coating on the mercury sensor tape of about 10
ug/cm” or less.

7. The system as recited in claim 6, wherein the metallic
film 1s about 1-10 nm thick.

8. The system as recited 1n claim 7, wherein the mercury
sensor tape comprises a plastic substrate having a thickness
of about 1 mm or less, and 1s configured to withstand
temperatures up to 750° L.

9. The mercury emissions monitor as recited in claim 1,
wherein the mercury sensor tape comprises a plastic sub-
strate having a thickness of about 1 mm or less, and 1s
configured to withstand temperatures up to 750° F.

10. The mercury emissions monitor as recited in claim 1,
wherein the mercury sensor tape has a coating of 1 png/cm’
of silver that can detect mercury 1n the amalgam with a
lower limit of detection of about 27 ng/m> or less.

11. The mercury emissions monitor as recited 1n claim 1,
wherein the TXRF system further comprises a monochro-
mator configured to convert a polychromatic x-ray beam
from an x-ray source into a monochromatic beam {for
incidence upon the amalgam.

12. The system as recited 1n claim 1, wherein the mercury
sensor tape 1s configured so that the TXRF system detects
mercury in the amalgam with a lower limit of detection of
about 27 ng/m> or less.

13. A method for detecting mercury 1n a gas, comprising;:

(a) spooling a continuous mercury sensor tape between

first and second tape reels, wherein the mercury sensor
tape comprises a metallic film configured to form an
amalgam with detected mercury, wherein the mercury
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sensor tape 1s spooled 1n a continuous manner from the
first tape reel, through a chamber, then past a TXRF
system, before being spooled onto the second tape reel;

(b) recerving into the chamber a sample of gas containing
mercury, whereby the mercury 1n the gas sample forms
an amalgam with the metallic film;

(c) passing the mercury sensor tape with the amalgam 1n
proximity to the TXRF system, whereby the TXRF
system detects the mercury in the amalgam; and

(d) collecting the mercury sensor tape onto the second
tape reel.

14. The method as recited in claim 13, wherein the
mercury sensor tape 1s configured so that the TXRF system
can detect mercury in the amalgam with a lower limit of
detection of about 1 ng/cm” or less.

15. The method as recited in claim 13, wherein the
mercury sensor tape has a coating of 1 ug/cm?® of silver that
can detect mercury in the amalgam with a lower limit of

detection of about 27 ng/m° or less.

16. The method as recited in claim 13, wherein the
mercury sensor tape 1s configured so that the TXRF system
detects mercury in the amalgam with a lower limit of
detection of about 1 ng/cm” or less.

17. A system for detecting mercury 1n a gas, comprising:

a mercury sensor comprising a metallic film positioned on

a substrate, wherein the metallic film 1s configured to
form an amalgam with mercury in the gas;
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a chamber configured to receive the gas, wherein the
mercury sensor 1s positioned within the chamber so that
the metallic film 1s exposed to the gas; and

a mercury analysis unit comprising a total retlection x-ray
fluorescence (“TXRE") system configured to perform
an x-ray fluorescence (“XRF”) analysis of the amal-
gam.

18. The system as recited in claim 17, wherein the
mercury sensor 1s configured so that the TXRF system can
detect mercury in the amalgam with a lower limit of detec-
tion of about 27 ng/m" or less.

19. The system as recited i claim 17, wherein the
mercury sensor comprises a polyimide substrate having a
thickness of 7.5 microns or less, wherein the metallic film
has a coating on the mercury sensor of about 10 pg/cm? or
less.

20. The system as recited 1n claim 19, further comprising
an unmanned aerial vehicle configured to fly the chamber,
with the contained mercury sensor, through the gas.

21. The system as recited i claim 17, wherein the
metallic film is formed as a coating of 1 pg/cm” of silver on
the substrate that can detect mercury in the amalgam with a
lower limit of detection of about 27 ng/m” or less.

22. The system as recited in claim 17, wherein the
mercury sensor 1s configured so that the TXRF system
detects mercury in the amalgam with a lower limit of
detection of about 27 ng/m” or less.
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